bone tissue engineering. [10] However, both metals and ceramics have significant drawbacks. Metals are not biodegradable and do not provide a biomimetic matrix for cell growth and tissue formation. Ceramics also have limited biodegradability and are difficult to process into highly porous structures due to their brittleness. In contrast, polymers have great processing flexibility and their biodegradability can be imparted through molecular design. Therefore, polymers are dominant scaffolding materials in tissue engineering. In general, naturally derived polymers have the potential advantage of biological recognition that may positively support cell adhesion and function. However, complexities associated with natural polymeric materials, including complex structural composition, purification, immunogenicity, and pathogen transmission, have driven the development of synthetic polymers for use as scaffolding materials. Synthetic polymers have a higher degree of processing flexibility and no immunological concerns compared to natural ECM proteins. By incorporating bioactive agents into synthetic polymers, functionalized scaffolds that combine the advantage of both synthetic and natural polymeric materials can be fabricated. This paper covers the design and fabrication of functionalized biodegradable polymer scaffolds, focusing on the synthesis of functional biodegradable polymers and the surface modification of polymeric scaffolds. Selected examples from both our and other groups are presented for the purpose of illustration. Additionally, the cellular response on functionalized scaffolds will be briefly discussed. Since the methods of scaffolding fabrication and incorporation of growth factors into scaffolds have been extensively reviewed in detail elsewhere, [2, 3, [11] [12] [13] [14] [15] [16] [17] [18] they will not be the focus of this paper.
Synthesis of Functional Biodegradable Polymers
Poly(a-hydroxyacids), including poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and their copolymer poly[(lactic acid)-co-(glycolic acid)] (PLGA), are the most widely used synthetic polymeric materials in tissue engineering. [19] These polymers are well characterized and have gained FDA approval for certain human use (e.g., sutures). Poly(ahydroxyacids) have been fabricated into 3D scaffolds via a number of techniques. For example, poly(L-lactic acid) (PLLA) has been fabricated into nano-fibrous scaffolds to mimic the physical architecture of natural collagen (a main component of ECM). [20] The nano-fibrous PLLA scaffolds have been demonstrated to enhance cell adhesion and differentiation. [21, 22] However, there are no functional groups available on the poly(a-hydroxyacids) chains, which limits the capacity to incorporate biologically active moieties onto the scaffolding surface. Considerable efforts have been made to improve the functionality of these polymers to further expand their applications. [2] [3] [4] [5] 23] One strategy is to copolymerize the a-hydroxyacids with other monomers containing functional pendant groups such as amino and carboxyl groups. In one study, L-lactide and (RS)-b-benzyl malate were copolymerized by ring-opening polymerization, and poly{(L-lactide)-co-[(RS)-b-malic acid]} with pendant carboxyl groups was obtained by removing the benzyl groups. [24] Leemhuis et al. synthesized two functionalized dilactones (benzyloxymethylmethyl glycolide and benzyloxymethyl glycolide) with protected hydroxyl groups, which were then copolymerized with Llactide. [25] Deprotection of the benzyloxymethyl groups gave the corresponding hydroxylated PLLA copolymers. PLLA copolymers with succinic anhydride to obtain the corresponding carboxylic acid functionalized copolymers to attach amine-containing biological molecules. [26] Chen et al. synthesized two cyclic carbonate monomers (acryloyl carbonate and methacryloyl carbonate), which were copolymerized with D,L-lactide to incorporate acryloyl groups in the copolymers. [27] The acryloyl groups were amenable to the Michael-type addition reaction with varying thiol-containing molecules such as arginineglycine-aspartic acid-cysteine (RGDC) peptide under mild conditions. Kimura et al. synthesized a cyclic diester monomer consisting of glycolate and benzyl a-L-malate units and copolymerized it with L-lactide to obtain biodegradable polymers with carboxyl groups. [28, 29] Lan-
with functional lysine residue, which was further coupled with RGD peptide. [30, 31] Although the copolymerization of lactide/glycolide with other monomers is effective to generate functional groups in the random copolymers, this method often changes the physical properties (e.g., crystallinity and mechanical strength) of the initial homopolymers as well. To address this, a number of poly(a-hydroxyacid)-based block and graft copolymers have been designed and synthesized. [32] [33] [34] [35] [36] [37] [38] Poly(ethylene glycol) (PEG) is the most widely used segment that has been introduced to the poly(a-hydroxyacids). Diblock, triblock, and multiblock copolymers of PL(G)A/PEG have been synthesized conveniently by ring-opening polymerization of lactide/glycolide in the presence of PEG and selected catalysts. [39] [40] [41] [42] [43] [44] However, the functional groups (hydroxyl or carboxyl groups) in PEG-containing block copolymers can only be found at the end of each PEG segment, and their content in these block copolymers is very low, which limits subsequent chemical modification.
A few non-PEG block and graft copolymers have been reported. [45] [46] [47] [48] [49] [50] Our group recently designed and synthesized a series of biodegradable amphiphilic poly[hydroxyalkyl (meth)acrylate]-graft-poly(L-lactic acid) (PHAA-g-PLLA) copolymers. [51] These copolymers contain pendant hydroxyl groups in the copolymer chains and have been successfully fabricated into 3D nano-fibrous scaffolds. Biomimetic scaffolds made from these copolymers can be further functionalized, are more hydrophilic, and have faster degradation rates than the PLLA homopolymer, which are advantageous for certain tissue engineering applications.
Poly(e-caprolactone) (PCL) is another poly(a-hydroxyacid) that has been used for tissue engineering applications. Similar strategies were utilized to incorporate functional groups into PCL chains. [52] [53] [54] [55] [56] For instance, functionalized PCL copolymers were synthesized by copolymerization of e-caprolactone with a-chloro-e-caprolactone, followed by atom transfer radical addition to incorporate pendant hydroxyl, carboxyl, and epoxide groups. [52] The pendant hydroxyl groups in the PCL copolymers were also obtained by copolymerization of e-caprolactone with another monomer, 5-ethyleneketal-e-caprolactone, followed by a deacetylization step to reduce the ketone groups into hydroxyl groups. [57] The syntheses of these functional comonomers, as well as the de-protection process, however, are often complex and tedious.
Other synthetic biodegradable polymers, including poly(3-hydroxybutyrate) (PHB), [58] polyurethanes (PU), [59, 60] polycarbonate (PC), [61] poly(ortho ester) (POE), [62] poly(propylene fumarate) (PPF), [63] and polyphosphazenes (PP), [64] have also been used as a scaffolding biomaterials. However, there are significantly fewer reports of functionalizing these biomaterials compared to the poly(a-hydroxyacids). Some of the examples include the syntheses of functionalized PC. [65] [66] [67] For instance, pendant amino groups were incorporated into PC chains by polymerization of the cyclic carbonate monomer, (2-oxo-[1,3]-dioxan-5-yl)carbamic acid benzyl ester, followed by removal of the protective benzyloxycarbonyl groups. [56] Further functionalization of the pendant amino groups was demonstrated by grafting with RGD peptides. Because this reaction route involves multiple steps, the synthetic efficiency should be considered. Synthetic polypeptides are emerging as a class of appealing functional biomaterials due to their unique physical, chemical, and biological properties. [68] A good example is the peptide amphiphiles (PAs) designed by Stupp and coworkers. [69, 70] These PAs have five specific structural features: (i) a long alkyl tail that conveys hydrophobic character to the molecule and makes the molecule amphiphilic; (ii) four consecutive cysteine residues that form disulfide bonds to stabilize the structure; (iii) a linker region of three glycine residues to provide the hydrophilic head group the flexibility from the rigid crosslinked region; (iv) a phosphorylated serine residue that interacts strongly with calcium ions intended to enhance mineralization; and (v) an RGD peptide to aid in cell adhesion. [70] The PAs have been shown to self-assemble into nano-fibrous networks when the strong electrostatic repulsion between molecules is neutralized either by changing pH or by adding divalent ions. Furthermore, the amphiphilic nature of the molecules allows the specific presentation of hydrophilic peptide signals on the surfaces of the assembled nano-structures. However, like many other hydrogel materials, the formation of mechanically stable 3D geometry from these PAs needs to be addressed. Incorporation of proteinase-sensitive motifs into biomaterials is an exciting approach to prepare cell-responsive functional biomaterials. [7] Hubbell and coworkers provided a good example of engineering synthetic PEG-based hydrogels as cell-ingrowth matrices for tissue regeneration. [71, 72] The hydrogel networks contain pendant oligo-peptides (RGDSP) for cell adhesion and matrix metalloproteinase (MMP) -sensitive peptides as crosslinkers for the PEG chains. The MMP-sensitive crosslinker determines the response of the material in the presence of cell-secreted MMPs. Therefore, this PEG-based hydrogel is a cellresponsive functional biomaterial. The authors further demonstrated that such gels are suitable matrices to deliver recombinant human bone morphogenetic protein-2 (rhBMP-2) and to induce bone regeneration.
Surface Modification of 3D Polymer Scaffolds
Generally, bioactive agents can be incorporated onto functionalized scaffolds through bulk or surface modification. In the bulk modification process, bioactive agents are coupled with functional polymers prior to scaffold fabrication. For example, the RGD peptide was first chemically attached to the lysine residue of poly[(L-lactic acid)-co-(Llysine)] before scaffold preparation. [31] The RGD peptide, therefore, was distributed both on the surface and in the bulk of the poly[(L-lactic acid)-co-(L-lysine)] scaffold. Since cell/material interactions take place on scaffold surfaces, the bioactive molecules encapsulated inside the scaffold will not be able to interact with cells. Therefore, bulk modification is not an efficient way to incorporate bioactive agents. Furthermore, bulk modification often alters the mechanical and processing properties of the scaffold. In contrast, surface modification only presents bioactive agents on a scaffold surface; therefore, it can overcome the above limitations. In fact, this strategy has become increasingly attractive to prepare functional scaffolds. [73] [74] [75] [76] [77] A number of surface modification methods have been developed to incorporate bioactive molecules onto the scaffold surface. A physical adsorption technique was reported to modify PLGA (75/25) scaffolds with either fibronectin or cell-adhesion motif RGD. [78] While this surface coating process is simple, its efficiency is low and it has little control over the stability of the modified layer. Partial hydrolysis is a simple way to produce a certain amount of hydroxyl/carboxyl groups on the scaffold surface. [79] [80] [81] For example, poly(D,L-lactic acid) (PDLLA)
was treated under strong alkaline conditions to introduce hydroxyl groups, which were further used to graft chitosan. [82] This method, however, is technique sensitive, and the hydrolysis also alters the surface morphology and bulk mechanical properties. Chemical vapor deposition (CVD) was originally developed to deposit thin films on solid substrates. [83] [84] [85] This technique has recently been utilized to prepare surface-modification layers on the scaffold surface. [86] [87] [88] For instance, poly[(4-amino-p-xylylene)-co-( p-xylylene)] was deposited on PCL surfaces through CVD polymerization to provide a reactive amine layer on the substrate surface. [87] Biotin was then conjugated on the modified PCL surface to immobilize avidin for binding of biotinylated adenovirus. The biocompatibility of deposited poly[(4-amino-p-xylylene)-co-( pxylylene)], however, has to be seriously considered. Plasma exposure is an effective procedure for surface etching. Oxygen plasma treatment was used to incorporate hydroxyl and peroxyl groups onto PLGA and PDLLA films. [89, 90] However, it has been reported that this plasma etching process alters both surface chemistry and surface morphology, which leads to the difficulty to predict how cells will respond on this surface-modified material. [89] Plasma exposure has also been utilized to incorporate other functional groups on polymer backbones. [91] For instance, Nitschke et al. utilized low pressure ammonia plasma treatment for the modification of PHB thin films. [92] The introduction of amine function was used for subsequent protein immobilization. The plasma treatment of PHB induced a durable conversion from a hydrophobic into a hydrophilic surface without significantly altering the morphology. Cheng and Teoh reported an argon plasma treatment for the modification of PCL thin films. [93] The pretreated films were UV polymerized with acrylic acid prior to immobilization of collagen. Because of the limited plasma penetration, this method can only be used for twodimensional (2D) films or very thin 3D structures. As discussed above, most of the surface modification techniques in the literature have been focusing on the modification of 2D films or very thin 3D constructs, and are limited for a 3D scaffold with designated structure and morphology. In our group, several effective techniques, including molecular entrapment and self-assembly, have been developed to modify the internal pore surfaces of 3D porous polymer scaffolds. [94] [95] [96] [97] For example, we developed a surface-entrapment technique to incorporate biomolecules (e.g., gelatin) onto the scaffold surface. [94] The essential point of this technique was the selection of a suitable solvent system such that biomolecules were soluble in the solvent mixture, while the scaffold swelled but did not dissolve in the solvent mixture. As a non-solvent of the scaffold was added, the scaffold surface quickly shrank, leading to the entrapment of biomolecules on the surface of the scaffold. Compared with simple surface coating, the entrapped biomolecules were stable and did not dissolve when rinsed in water or aqueous tissue culture medium. No functional groups on the scaffold surfaces are needed for this surface modification method as long as proper solvent system is selected. In addition, the entrapment method can be used for any geometry, morphology, and thickness of 3D scaffold, which is a limitation for many other surface modification methods. By integrating surface-entrapment into the scaffolding fabrication process, a porogen-induced surface modifica-tion technique has been developed to prepare biomimetic nano-fibrous PLLA scaffolds. [95] In this one-step process, the modifying agent also acts as the porogen for the scaffold fabrication. Therefore, the surface modification is accomplished during the scaffold preparation. Gelatin was used as an example of a surface modification agent. First, gelatin spheres were fabricated and assembled into a 3D negative replica of the PLLA scaffold. The PLLA solution in water/ tetrahydrofuran (THF) mixture was then cast on the gelatin spheres template. The introduction of the solvent mixture in the PLLA solution was to ensure that certain amounts of gelatin molecules could be entrapped onto the surface of the PLLA scaffolds during the phase separation process. After phase separation and porogen removal, a nano-fibrous PLLA scaffold was generated with an interconnected spherical pore network, and its surface was modified with a layer of gelatin molecules. Electronic layer-by-layer self-assembly has been widely used to prepare well-defined multilayer films. [98] This process has recently been utilized to prepare functionalized scaffold surfaces in our group. [96] In a typical process, the pretreated nano-fibrous PLLA scaffold was activated in an aqueous poly(diallyldimethylammonium chloride) (PDAC) solution to obtain a positively charged surface. After washing with water, the scaffold was subsequently immersed in a solution of negatively charged biomacromolecules (e.g., gelatin). Further growth of the PDAC/ gelatin bilayers was accomplished by repeating these procedures. To visualize the attachment of gelatin on the nano-fibrous scaffold surface, tetramethylrhodamine isothiocyanate (TRITC)-labeled gelatin was added in the selfassembly solution. Development of color on the scaffold after the self-assembly process showed that the gelatin was successfully incorporated on the nano-fibrous PLLA scaffold surface (Figure 1a) . Confocal images further confirmed that gelatin was distributed evenly throughout the entire scaffold surface (Figure 1b and c) . This self-assembly technique has a high degree of molecular control over surface chemistry, coating thickness, and maintenance of the 3D scaffold architecture. Moreover, the use of aqueous solutions makes it easy to carry out. Therefore, it is an appealing surface modification method for 3D scaffolds with complex geometry as long as the scaffold pores are interconnected. In order to mimic both the physical architecture and chemical composition of natural extracellular bone matrix, a biomimetic process that allows in situ apatite formation on the internal surfaces of the pore walls of nano-fibrous gelatin scaffolds was developed using a simulated body fluid (SBF) technique. [97] A large number of nano-featured bone-like apatite microparticles were grown on the internal surfaces of nano-fibrous gelatin scaffolds after 7 d of incubation (Figure 2c and d) . Control over the particle size and their coverage of the pore surfaces was achieved by adjusting the incubation conditions such as SBF concentration, incubation time, and pH value of the solution. Generally, a longer incubation time of the NF-gelatin scaffold led to more apatite formation (Figure 2e ). However, Figure 1 . Surface modification of a 3D nano-fibrous PLLA with gelatin. TRITC-labeled gelatin was utilized to visualize the attachment and distribution of gelatin on the scaffold surface. (a) A photograph shows the overview of the scaffold before (I) and after surface modification (II); (b) a confocal image shows the distribution of gelatin on the outermost surface after surface modification; (c) a confocal image shows the distribution of gelatin in the center of the scaffold after surface modification. From Liu et al., [107] ß2009 by Springer.
the interconnected macroporous structure of the scaffolds was still maintained, which is important for cell migration and mass transport when used for tissue regeneration. In addition to the aimed surface chemical modification for improved osteoconductivity, the mechanical properties of the surface-modified nano-fibrous gelatin scaffolds were also significantly improved compared to the plain gelatin scaffolds.
Cell Response on Functionalized Scaffolds
Functionalizing the scaffold with carboxylic acid groups has shown promise by making the surface more hydrophilic. Fibroblasts seeded on carboxylic acid modified PGA, PLGA, and PLLA scaffolds were spread over a larger area and had higher adhesion and proliferation rates compared to unmodified scaffolds. [99] Incorporation of hydroxyapatite (HA) into scaffolds has been shown to significantly increase osteoblast adhesion and proliferation compared to pure PLLA scaffolds. [100] As discussed above, a more reliable method to functionalize scaffolds is to use bioactive molecules derived from natural ECM proteins. For instance, gelatin, a denatured form of collagen, was used to modify the surfaces of 3D PLLA scaffolds. [95, 96] The presence of gelatin greatly increased the adherence, proliferation, and spreading of MC3T3-E1 cells and more collagen fibers and other cell secretions were deposited on the surfacemodified scaffolds than on the control scaffolds ( Figure 3) . [94] More specific than gelatin, peptide fragments have been used to tailor cell adhesion and growth. The RGD peptide is ubiquitous in the ECM and promotes cell adhesion by acting as a binding site for integrins. [101, 102] PCL films modified with RGD served to promote the attachment and spreading of mesenchymal stem cells (MSCs). [101] RGD may increase focal adhesion kinase (FAK) phosphorylation for integrin-based signal transduction, which could play a role in cell proliferation and viability. [103] In addition to adhesion and proliferation, functionalized scaffolds can be used to direct cell differentiation. The incorporation of HA on gelatin scaffolds was used to study the differentiation of MC3T3-E1 preosteoblasts into osteoblasts. [97] Cells were seeded on gelatin scaffolds with and without HA for 4 weeks and two osteogenic markers [bone sialoprotein (BSP) and osteocalcin (OCN)] were examined. Results showed that levels of BSP and OCN were five and two times higher, respectively, in the gelatin-HA scaffolds compared to the gelatin scaffolds. The use of HA thus not only enhances the mechanical strength of the scaffold, but it also plays a role in cell differentiation and tissue formation. The most widely used method to induce cell differentiation is the delivery of growth factors from scaffolds. A variety of methods have been developed to incorporate growth factors into scaffolds. [11, 104] For example, recombinant human bone morphogenic protein 7 (rhBMP-7) was encapsulated in PLGA microspheres using a double emulsion technique, and the microspheres were incorporated onto the surface of a nano-fibrous PLLA scaffold. [105] The biomimetic PLLA scaffolds incorporated with rhBMP-7 microspheres were found to significantly enhance bone formation. After 6 weeks of subcutaneous implantation in Sprague-Dawley rats, the scaffolds with rhBMP-7 micro- , [97] ß2009 by Elsevier.
spheres showed significantly more bone formation than scaffolds with rhBMP-7 simply adsorbed on the surface. This study illustrates the important role that growth factors can play in a tissue engineering strategy.
While the most common method is to use growth factors to induce differentiation and tissue neogenesis, small molecules are also capable of guiding cell fate through cell/matrix interactions. Recent work has shown that the fate of human MSCs could be changed when they were seeded on hydrogels with various functional groups. [106] Carboxylic acid groups, mimicking cartilage glycosaminoglycans, increased the expression of aggrecan, an indicator of chondrogenic differentiation. Phosphate groups, important for mineralized tissue formation, increased expression levels of CBFA1, a marker for osteogenic differentiation. Finally, t-butyl groups, mimicking lipid filled adipocytes, increased expression of peroxisome proliferating antigen receptor gamma (PPARG), a measure of adipogenic differentiation. The ability of small molecules to induce differentiation shows potential as an easier, cheaper, and safer way to guide the fate of stem cells, yet more work needs to be done to validate their efficacy when compared to the use of growth factors.
Conclusion
The development of tissue engineering has entered a new phase in which rational design is being used to produce functionalized biomaterials and scaffolds tailored to specific applications. These functionalized scaffolds are no longer just a physical environment with little or no effect on the regeneration process. Rather, they are active participants in the tissue neogenesis process.
Future research will continue to increase the active role of the scaffold in the regeneration process and to elucidate the mechanisms in which functionalized scaffolds influence cell differentiation, proliferation, and morphology. The polymer synthesis, scaffold fabrication, surface functionalization, and growth factor delivery could be combined to create more advanced scaffolds tailored to specific applications. Figure 3 . SEM images of PLLA scaffolds 4 weeks after cell seeding: (a) PLLA controls; (b) surface-modified PLLA scaffolds. The scaffold was physically entrapped with gelatin, followed by chemical crosslinking; (c) high magnification of (b). Significantly higher amount of collagen fibers and other cell secretions were deposited on the surface-modified scaffolds than on the control scaffolds. From Liu et al., [94] ß2005 by Wiley Periodicals, Inc.
